Polymer electrolyte membrane (PEM) fuel cells, which convert the chemical energy stored in hydrogen fuel directly and efficiently to electrical energy with water as the only byproduct, have the potential to reduce our energy use, pollutant emissions, and dependence on fossil fuels. Great deal of efforts has been made in the past, particularly during the last couple of decades or so, to advance the PEM fuel cell technology and fundamental research. Factors such as durability and cost still remain as the major barriers to fuel cell commercialization. In the past two years, more than 35% cost reduction has been achieved in fuel cell fabrication, the current status of $61/kW (2009) for transportation fuel cell is still over 50% higher than the target of the US Department of Energy (DOE), i.e. $30/kW by 2015, in order to compete with the conventional technology of internal-combustion engines. In addition, a lifetime of $2500 h (for transportation PEM fuel cells) was achieved in 2009, yet still needs to be doubled to meet the DOE's target, i.e. 5000 h. Breakthroughs are urgently needed to overcome these barriers. In this regard, fundamental studies play an important and indeed critical role. Issues such as water and heat management, and new material development remain the focus of fuel-cell performance improvement and cost reduction. Previous reviews mostly focus on one aspect, either a specific fuel cell application or a particular area of fuel cell research. The objective of this review is three folds: (1) to present the latest status of PEM fuel cell technology development and applications in the transportation, stationary, and portable/micro power generation sectors through an overview of the state-of-the-art and most recent technical progress; (2) to describe the need for fundamental research in this field and fill the gap of addressing the role of fundamental research in fuel cell technology; and (3) to outline major challenges in fuel cell technology development and the needs for fundamental research for the near future and prior to fuel cell commercialization.
Introduction
Due to the growing concerns on the depletion of petroleumbased energy resources and climate change, fuel cell technologies have received much attention in recent years owing to their high efficiencies and low emissions. Fuel cells, which are classified according to the electrolyte employed, are electrochemical devices that directly convert chemical energy stored in fuels such as hydrogen to electrical energy. Its efficiency can reach as high as 60% in electrical energy conversion and overall 80% in co-generation of electrical and thermal energies with >90% reduction in major pollutants [1] . Five categories of fuel cells have received major efforts of research: (1) polymer electrolyte membrane (PEM) fuel cells or PEMFCs (also called PEFCs), (2) solid oxide fuel cells (SOFCs), (3) alkaline fuel cells (AFCs), (4) phosphoric acid fuel cells (PAFCs), and (5) molten carbonate fuel cells (MCFCs). PEM fuel cells are constructed using polymer electrolyte membranes (notably Nafion Ò ) as proton conductor and Platinum (Pt)-based materials as catalyst. Their noteworthy features include low operating temperature, high power density, and easy scale-up, making PEM fuel cells a promising candidate as the next generation power sources for transportation, stationary, and portable applications. Fig. 1 shows a schematic of a PEM fuel cell.
The very first fuel cell was invented in 1839 by Sir William Robert Grove (an English lawyer turned scientist), though no practical use was found for another century [2] . General Electric Company (GE) began developing fuel cells in the 1950s and was awarded the contract for the Gemini space mission in 1962. The 1 kW Gemini fuel cell system had a platinum loading of 35 mg Pt/cm 2 and performance of 37 mA/cm 2 at 0.78 V [3] . In the 1960s improvements were made by incorporating Teflon in the catalyst layer directly adjacent to the electrolyte, as was done with GE fuel cell at the time. Considerable improvements were made from the early 1970s onward with the adoption of the fully fluorinated Nafion Ò membrane. However, research and development in PEMFCs did not receive much attention and funding from the federal government, in particular the US Department of Energy (DOE), and industry until a couple of decades ago or so when breakthrough methods for reducing the amount of platinum required for PEMFCs were developed and subsequently improved by Los Alamos National Laboratory (LANL) and others. Notably, Raistrick of LANL came up with a catalyst-ink technique for fabricating the electrodes [4] . This breakthrough method made it possible to increase the utilization of active catalyst and at the same time to reduce the amount of precious platinum metal needed. Though many technical and associated fundamental breakthroughs have been achieved during the last couple of decades, many challenges such as reducing cost and improving durability while maintaining performance remain prior to the commercialization of PEM fuel cells.
In the remaining of this section, the current status of PEM fuel cell technology and applications are first presented, follow by discussions on commercialization barriers and the role of fundamental research.
Applications of PEM fuel cell technology and its current status
The major application of PEM fuel cells focuses on transportation primarily because of their potential impact on the environment, e.g. the control of emission of the green house gases (GHG). Other applications include distributed/stationary and portable power generation. Most major motor companies work solely on PEM fuel cells due to their high power density and excellent dynamic characteristics as compared with other types of fuel cells. Fuel-cell vehicles (FCV) have been developed and demonstrated, e.g. GM Hydrogen 1, Ford Demo IIa (Focus), DaimlerChrysler NeCar4a, Honda FCX-V3, Toyota FCHV, Nissan XTERRA FCV, VW Bora HyMotion, and Hyundai Santa Fe FCV (see Fig. 5a below) . Auto makers such as Toyota, Honda, Hyudai, Daimler, and General Motors (GM) have announced plans of commercializing their fuel-cell vehicles by 2015 [5] . Distributed PEM fuel cell power system is primarily focused on small scale (50-250 kW for decentralized use or <10 kW for households) [6] . Early design considered fuel cells for residential power supply, in which the waste heat of fuel cells can be utilized for household usage -this significantly increases the overall efficiency [7] . However, the high cost of PEM fuel cells remains a major barrier that prohibits their widespread applications in this area. Back-up power for banks and telecommunication companies receives growing interests recently because of the extremely high cost associated with power breakdowns. Several units like Plug Power GenSys Ò and Ballard FCgen™ 1020 ACS fuel cell systems have been developed and deployed in many locations. Another promising area is portable power supply, considering that limited energy capacity of batteries unlikely meets the fast-growing energy demand of the modern portable electric devices such as laptops, cell phones and military radio/communication devices. PEM fuel cells provide continuous power as long as hydrogen fuel is available and they can be fabricated in small sizes without 
Commercialization barriers
The world-wide commercialization of PEM fuel cells has not yet come [9] [10] [11] . The two greatest barriers are durability and cost [5] . Fuel cell components, such as the MEA (membrane electrode assembly) [12] , suffer degradation during long-term operations. The lifetime required by a commercial fuel cell is over 5000 operating hours for light-weight vehicles and over 40,000 h for stationary power generation with less than a 10% performance decay [13, 14] . At current, most fuel cells exhibit major performance decay after around a thousand hours of operation [13, 15, 16] . The DOE targets are to achieve a life time of 40,000 h by 2011 with 40% efficiency for distributed power and 5000-h durability by 2015 with 60% efficiency for transportation. Note that 3 M Company recently achieved over 7500 h of durability for the membrane electrode assembly (MEA) in their single-cell testing at the laboratory level, making it feasible to meet the DOE 2010 target [1] . In past several years, the fuel cell cost has been reduced from $275/ kW in 2002 ($108/kW in 2006 and $94/kW in 2007) to $73/kW in 2008, which equates to almost $6000 for an 80-kW system, still more than twice as expensive as internal-combustion engine systems [17] . In 2009, the cost was further bought down to $61/kW ($34/kW for balance of plant including assembly and testing, and $27/kW for stack) and more than 35% reduction in the last two years. One primary portion of a fuel cell cost is due to the MEA that consists of a Nafion Ò membrane and catalyst (usually Pt-based) layers [18] . The Pt loading has been reduced by two orders of magnitude in the past decade and there is still room for further loading reduction. The 2010 and 2015 DOE targets for the fuel cell cost is $45/kW and $30/kW, respectively, for transportation applications [1, 17] . Fig. 2 shows the breakdown of fuel cell cost.
The role of fundamental research
The term ''fundamental research" here refers to the knowledgegenerating activities that enable our improved understanding of fuel cell operation principles and engineering of fuel cell technology. Although great efforts have been made with many breakthroughs achieved, another 5-10 years is anticipated being required prior to fuel cell worldwide deployment (the cost and lifetime for current automotive internal-combustion engine power plants are about $25-$35/kW and 5000 h, respectively, which are in-line with the DOE 2015 targets) [19] . Various interrelated and complex phenomena occur during fuel cell operation, including mass/heat transfer, electrochemical reactions, and ionic/electronic transport, which govern fuel cell operation. Further scientific breakthroughs are required to overcome barriers related to cost and durability to enable fuel cell commercialization. Breakthroughs in material development, acquisition of fundamental knowledge, and development of analytical models and experimental tools are particularly important for current fuel cell development [5] . For example, avoiding electrode flooding is of critical importance for optimal fuel-cell performance and durability; however this phenomenon is not well understood. The ability to model fuel and reactant transport and electrochemical reactions in electrodes is critical, particularly in the cathode in which the oxygen reduction reaction (ORR) is sluggish and inefficient and water is generated. The fundamental understanding of the electrochemical activity at the triple-phase boundaries is a key to breakthroughs of further Pt-loading reduction.
This review focuses on discussing PEMFC application, technology status, and the needs on fundamental research. Although we attempt to cover the majority of the literature on this topic, there are undoubtedly some that may have been left out. In terms of time frame, this review focuses mainly on the works that have been published through early 2010. from 20 kW to 250 kW. The stationary power by general fuel cells has a wide range, 1-50 MW. Some small-scale stationary generation, e.g. for the remote telecommunication application, is 100-1 kW [20] . The portable power is usually in the range of 5-50 W. 
Transportation applications
Several concerns arise from the global, fast-growing vehicle market, such as air pollution, climate change (due to the greenhouse gases), and fuel sustainability. Most issues are associated with the conventional engines, i.e. ICEs (internal-combustion engines), which primarily depend on hydrocarbon fuels. PEM fuel cells have the potential to replace ICEs due to their potentials of achieving higher efficiency and lower GHG emissions. The typical power range for this type of applications, such as passenger cars, utility vehicles, and buses, ranges from 20 kW to 250 kW [20] . Interests in fuel-cell vehicles can be traced back to the late 1970s and received a major boost in recent years. McNicol et al. reported that PEM fuel cells can be superior to ICEs in several aspects except the initial cost [21] . The technology roadmap published by Ballard Power Systems discussed several main challenges for fuel-cell vehicles: durability, cost and freeze-start [22] . Kazim [23] proposed a scheme with which the United Arab Emirates government can achieve greater economic and environmental benefits associated with the introduction of fuel-cell vehicles. Fig. 4 shows that the production of regular automobiles increases steadily in early 2000s but becomes fluctuated in recent years.
Light-weight vehicles
In the past few years, the fuel cell light-weight vehicle market has been led by Honda, General Motors, and others, see Fig. 5a . Honda has started shipping its FCX Clarity, see Fig. 5b , to Southern and Northern California since these regions are now equipped with hydrogen fuelling stations, where the FCX Clarity is offered to selected customers for a 3-year lease at $600/month [24] . In 2007 General Motors, through its ''Project Driveway" program, delivered over 100 units of its Chevrolet Equinox fuel-cell vehicles to California, Washington DC, and New York, which as of September 2009 had accumulated over 1,000,000 miles of driving [25] . Hyundai-Kia has announced the Kia Borrego SUV. Daimler expects to unveil their new B-Class. Volkswagen is testing several Passat Lingyu, and Toyota continues to produce a small number of its FCHV-adv [26] . Most are being shipped for testing and demonstration in California, which is one of the leading markets for fuel-cell vehicles partly due to its stringent Zero Emission Vehicle (ZEV) regulations and existing hydrogen fuelling infrastructure. Table 1 documents the key parameters of several fuel-cell vehicles. (Table 2 ). In the CUTE program each participating city has different buses. Stockholm runs the Mercedes-Benz Citaro fuelcell buses, each has two fuel cell stacks with a total power of 250 kW and 40 kg hydrogen stored at 350 bar that provides fuel for about 200 km operation [27] . It is indicated that at low-power [26, 28, 29, 39, 66, 263] ). Fig. 4 . Number of fuel cell-powered automobiles manufactured [26] .
Buses
(under 40 kW) operation the fuel cell stack efficiency is over 65% based on the lower heat value (LHV).
Due to the CUTE and similar programs, over half of the commercialized fuel-cell buses are running in Europe, a quarter in Asia, and 15% in North America. In North America, California is the main region of fuel cell bus activity, primarily due to the ZEV regulation approved by the California Air Resources Board (CARB) [28] .
Other vehicles or propulsions
In addition to buses and light-weight automobiles, PEM fuel cells may be employed in several other applications within the transportation/propulsion sector. These applications include electric powered bicycles, material handling vehicles such as forklifts, and auxiliary power units (APUs) including leisure, trucking, marine and Unmanned Aerial Vehicles (UAVs) [29] . Hwang et al. [30] [32] has developed a fuel-cell-based air-independent propulsion system intended for use in submarines, such as German U212/214 by Howaldtswerke-Deutsche Werft GmbH (HDW). Table 3 lists major companies in this fuel cell transportation sector. In addition, fuel cell applications in the transportation sector require onboard hydrogen storage tanks and their success also rely on the presence of hydrogen fuelling infrastructure. In the latter regard, governments play a decisive role in the development of hydrogen fuelling network. The state of California and the European Union are currently the regions with more fuelling sites [33] . Research on hydrogen storage is also ongoing [34] [35] [36] [37] [38] .
Portable applications
The fast-growing power demand by portable electronic devices is unlikely satisfied by current battery technology because of its low energy power capability and long charging time. These two issues can be well resolved by using portable/micro PEM fuel cells. Consequently, global production of portable fuel cells has continuously grown, as shown in Fig. 8 . Over two-thirds of these units are based on regular PEM fuel cells, a quarter of them consist of DMFC (direct methanol fuel cell) units and the remaining 6% are not related to PEM technology [39] . The typical power range for portable electronic devices is 5-50 W and several developments focus on a level of <5 W for micro power application [20] . A wider range of power, 100-500 W, has also been considered [40] .
Many approaches have been proposed for portable/micro fuel cell fabrication. Hayase et al. developed a technique to pattern fuel cell channels and GDL (gas diffusion layer) in Si wafers [41] . Lee et al. employed LIGA (which refers to the German acronym for X-ray lithography-technique: X-ray LIthographie, Galvanoformung (electro-deposition), and Abformtechnik (molding)) to fabricate flow channels in metallic bipolar plates [42] . Ito et al. utilized a technique similar to that used for machining of compact disks to create micro grooves in metal plates [43] . Hahn et al. used reactive ion etching (RIE) to machine microchannels in stainless steel plates [44] . Hsieh et al. proposed a SU-8 photoresist microfabrication process for the fuel cell flow structures [45] . Cha et al. employed various micro/nanofabrication processes, such as lithography, physical vapor deposition (PVD), and focused ion beam (FIB) etch/deposition, to fabricate flow field plates [46] . Madou and co-workers used carbon obtained by pyrolyzing polymer precursors (called the ''C-MEMS process) for the bipolar fluidic plates [47] [48] [49] . Fig. 9a shows the bipolar plates with a serpentine flow field after and before carbonization using C-MEMS. The micro channels are in serpentine pattern with a cross-section of 0.8 mm. Fig. 9 also shows the assembled micro PEM fuel cell (0.8 Â 0.8 Â 0.4 cm), fuel cell bipolar plates and stack. [43] . Henriques et al. [54] discussed the efficiency improvement by altering the cathode channel geometry and achieved an efficiency increase up to 26.4%. In addition to mobile phones and laptops, portable fuel cells can be used to power toys and utilities such as RC (radio control) cars, boats, robot toys, and emergency lights (e.g. for mining). Fig. 10 displays the hobby-grade vehicles based on Horizon's H-Cell fuel cell system (specifics are listed in Table 4 ). Fuel cell also receives a great deal of attentions for military application to power portable electrical devices such as radios. Table 5 lists several major companies in the portable PEMFC sector. 
Stationary applications
Current stationary electric power is primarily generated by large central power stations. Large-scale central power stations have many benefits such as high efficiency, but exhibit several inherent disadvantages, e.g. the waste heat that usually cannot be efficiently utilized (due to the costly long-distance transport) and power loss during transmission. Distributed power decentralized generation is a way to resolve these disadvantages, which cogenerates heat and power for local usage, a diagram of which can be seen in Fig. 11 . Both ICEs and fuel cells can be applied for decentralized small-scale stationary power generation. Except cost, fuel cells exhibit several important advantages over ICEs, such as high electric power conversion efficiency, low noise, zero emission, and easy scale-up.
In this sector, distributed PEM fuel cell systems can be employed to several areas such as heat-power co-generation for household/residential use and uninterruptable power supply (UPS). The former requires further significant improvement in fuel cell cost and lifetime. The DOE's targets for 2011 are 40,000 h of system durability at a cost of less than $750/kW, with an electrical-energy-conversion efficiency of 40% and overall efficiency of 80% [8] . However, currently few fuel cell units have exhibited a lifetime over 10,000 h. Several units are now available in the market: the GenSys™ Blue CHP (combined heat and power) system by Plug Power was developed to be compatible with existing home heating systems such as forced air or hot water; the FCgen™-1030V3 stacks developed by Ballard Power Systems can be incorporated into the residential CHP systems in the market. The latter area such as back-up, remote, and uninterrupted power received a growing attention in recent years. The back-up power market is particularly promising for potential customers such as banks, hospitals, and telecom companies which require reliable powers to maintain their business/operation and avoid unexpected power breakdowns. The GenSys™ fuel cell system has been developed for this application and delivered to more than 50 customer locations in more than 10 countries based on the 2005's data, see Fig. 12 and Table 6 [55] . In 2009 Plug Power received a $1.4 million award from the New York State Energy Research and Development Authority (NYSERDA) to install and operate three CHP GenSys™ fuel cell systems in New York State homes [56] . Plug Power also expects to install approximately 1000 systems throughout India by the end of 2010 [57] . FCgen™ units of Ballard Power Systems have been supplied to IdaTch LLC for use by ACME Group at telecom cellular tower sites in India; and Ballard also works with Dantherm Power A/S of Denmark to provide back-up power solutions to telecommunications providers [58] . In 2008 Ballard has shipped a total of 1855 units for forklifts and back-up power and had expected to double its shipment in 2009 [59] . In Japan, as part of the ''Fukuoka [49] ; (d) bipolar plates [268] and, (e) stack [48] . In the project, the power systems were installed for about 150 houses in the communities, which was then the world's largest demonstration project of this kind [60, 61] . In addition, six Japanese firms, Tokyo Gas, Osaka Gas Co., Nippon Oil Corp., Toho Gas Co., Saibu Gas Co. and Astomos Energy Corp., a joint venture between Idemitsu Kosan Co and Mitsubishi Corp., set their aim to sell a total of about 5000 units of the Ene Farm system in 2009 [62] . In addition to technology development, Wang et al. examined a 5 kW PEM fuel cell system running on hydrogen and air, which consists of 56 cells [63] . It exhibits a quick start-up at room temperature (<1 min) and the efficiency of over 30%, see Fig. 11 . Schematic of a PEM fuel cell co-generation system [270] . Fig. 12 . GenSys Ò fuel cell system as off-grid distributed generation [271] . Cell company) [64] . It works with a natural gas reformer and hydrogen purification membrane unit. The DC output from the stack was converted to 240 V AC as output. The system was installed in Belfort, France with natural gas from the local supply. Hwang and Zou investigated the CHP efficiency and achieved a CHP efficiency of $81% [65] . [66] . It is worthy to note that there is competition from other types of fuel cells, notably MCFCs and SOFCs. These two types exhibit high efficiency, low cost, and fuel flexibility, and are usually considered for larger electric power demand. Their disadvantages are relatively slow start-up and poor dynamic characteristics. Table 7 shows a list of companies working on the stationary applications.
Needs on fundamental research
Phenomena involved in PEM fuel cell operation are complex; specifically, they involve heat transfer, species and charge transport, multi-phase flows, and electrochemical reactions. Fundamentals of these multi-physics phenomena during fuel cell operation and their relevance to material properties are critically important to overcome the two major barriers, namely durability and cost. These phenomena occur in various components, namely the membrane electrode assembly (MEA) consisting of the catalyst layers (CL) and membrane, gas diffusion layer (GDL) and micro-porous layer (MPL) (together referred to as diffusion media (DM)), gas flow channels (GFCs), and bipolar plates (BP). The cost ratio of the major components is shown in Fig. 2 .
Specifically, as schematically shown in Fig. 15 , the following multi-physics, highly coupled and nonlinear transport and electrochemical phenomena take place during fuel cell operation: (1) hydrogen gas and air are forced (by pumping) to flow down the anode and cathode GFCs, respectively; (2) H 2 and O 2 flow through the respective porous GDLs/MPLs and diffuse into the respective CLs; (3) H 2 is oxidized at the anode CL, forming protons and electrons; (4) protons migrate and water is transported through the membrane; (5) electrons are conducted via carbon support to the anode current collector, and then to the cathode current collector via an external circuit; (6) O 2 is reduced with protons and electrons at the cathode CL to form water; (7) product water is transported out of the cathode CL, through cathode GDL/MPL, and eventually out of the cathode GFC; and (8) heat is generated due to inefficiencies, mainly in the cathode CL due to the sluggish oxygen reduction reaction (ORR), and is conducted out of the cell via carbon support and BPs. The transport phenomena are three-dimensional because [66] . GFCs are usually normal to proton transport through the membrane and gas transport through the respective GDLs/MPLs and CLs. When operating under practical current loads, relatively high inlet humidity, liquid water is present within the fuel cell.
Fundamental models have been developed to examine the transport processes; Tables 8 and 9 list a set of governing equations, based on the laws of conservation of mass, momentum, energy, species and charges and the multi-phase mixture formulation [67] [68] [69] [70] [71] . Table 10 lists the typical ranges of the most Fig. 15 . Phenomena in a PEM fuel cell: two-dimensional sectional view [272] . Table 8 Fuel cell governing equations [67] [68] [69] [70] [71] .
Continuity equation e @q @t þ r Á ðqũÞ ¼ Sm
Energy conservation
Charge conservation (electrons)
Charge conservation (protons)
Table 9
Source terms for the conservation equations in each region [67] [68] [69] [70] 164, 185, 297] . 
Membrane
Membrane refers to a thin layer of electrolyte (usually $10-100 lm, e.g. 18 lm for Gore 18 and 175 lm for Nafion Ò 117), which conducts protons from the anode to the cathode. Desirable membrane materials are those that exhibit high ionic conductivity, while preventing electron transport and the cross-over of hydrogen fuel from the anode and oxygen reactant from the cathode.
In addition, they must be chemically stable in an environment with HO-and HOO radicals, thermally stable throughout the operating temperatures, and mechanically robust. Current membranes are mostly based on the perfluorosulfonic acid, the most prominent of which, Nafion, was first developed by the DuPont Company in 1960s. Nafion Ò has a backbone structure of polytetrafluoroethylene (PTFE, known by the trade name Teflon), which provides membrane with physical strength. The sulfonic acid functional groups in Nafion Ò provide charge sites for proton transport. Additionally, other perfluorinated polymer materials such as Neosepta-F™ (Tokuyama), Gore-Select™ (W.L. Gore and Associates, Inc.), Flemion™ (Asahi Glass Compnay), Asiplex™ (Asahi Chemical Industry) are also adopted for PEM fuel cell applications. In addition, membrane materials that can operate at high temperatures (100-200°C) are preferred for high temperature PEM fuel cell which has advantages of better catalyst tolerance to CO and cooling strategy for fuel cell [72, 73] .
The Nafion-based membranes are costly primarily due to their complex fabrication process [74] . Research on cost-effective high-performance electrolyte materials has been active in the entire course of fuel cell development. Solvay Solexis is developing Hyflon Ò ion ionomers, also known as short side chain (SSC) ionomer (which was originally developed by Dow Chemicals Company and then abandoned [75] ) that can exhibit a better performance and durability than Nafion Ò in several cases. However, severe degradation has been observed for this membrane material [76] . Phosphoric acid-doped polybenzimidazole (PBI) membrane is a promising material for high temperature membrane due to its high proton conductivity at temperatures up to 200°C and low methanol/ethanol permeability. However, there are concerns on low proton conductivity at low temperature (important for cold start) and low solubility of oxygen along with evaluation of stack components including bipolar plates, seals and coolant, and thermal and water management [77] . Hydrocarbon-based membranes have been attempted by PolyFuel for fuel cell [78] .
Two major transports take place in membranes, i.e. proton and water transport. Gierke and Hsu described the polymeric membrane, known as a cluster model, in terms of an inverted micellar structure in which the ion-exchange sites are separated from the fluorocarbon backbone, forming spherical clusters (pores), connected by short narrow channels [79] . The cluster sizes depend on local water content. The main driving force for proton transport is the gradient of electrical potential of the electrolyte. That is, protons transport across the membrane mainly due to the existence of electrolyte potential gradient; the effect of diffusion is relatively small. Water in the membrane is essential for proton transport: one mechanism is called the ''vehicular" diffusion. By forming hydronium ions (H 3 O + ), protons, can transport from high to low proton concentration regions, which is called the vehicular diffusion [80] . Therefore, this mechanism largely depends on the diffusivity of water in membranes. Another is through the ''Hopping" mechanism that takes place when sufficient water content is presented so that the side chains of sulfonic groups are connected, where protons can move directly from one site to another [81, 82] . One of the most prevalently used proton-conductivity models is the empirical correlation developed by Springer et al. [83] for the Nafion Ò 117 membrane: j ¼ ð0:005193k À 0:00326Þ exp 1268
At subfreezing temperature, the Nafion Ò membrane remains conductive to protons due to the existence of non-frozen water in the membrane, see Fig. 18 [84-87] . The water content k, usually defined as the number of moles of water per mole of acid sites attached to the membrane (namely, SO 3 H), is related to the water activity of the surrounding fluids, see Fig. 20 [88, 89] . Based on their experimental observation, Zawodzinski et al. [88] indicated that there exists a discontinuity in the membrane water content between the membrane with liquid water and with saturated water vapor at equilibrium. Both of the surrounding waters exhibit unity water activity. This phenomenon, generally referred to as ''Schröeder's paradox", is observed in a wide variety of polymer materials and solvents [90] [91] [92] . Though current correlations are mostly simple and easy to implement in a full fuel-cell computer model but only valid for the conditions under which the fitted data was collected. For each new membrane, a whole new set of data must be generated at the conditions of interest. Therefore, a better model of proton conductivity is highly needed [93] . Another important membrane property is the water diffusivity which also depends on the local membrane water content, see Fig. 19 [83, 94] . In addition to diffusion, the electro-osmotic drag (EOD) can transport water from the anode to cathode and the EOD coefficient might be a function of water content (both linear and stepwise correlations have been proposed.) [95] [96] [97] [98] [99] [100] . When liquid water is present at the membrane surfaces, hydraulic permeation can take place [101] , which is driven by the pressure difference at the membrane surfaces. A correlation, proportional to the membrane water content, was proposed by Bernardi and Vergrugge [102] and Büchi and Srinivasan [103] . Ionic and water transport in membranes plays an important role in fuel cell operation. The ionic transport resistance directly determines the Ohmic loss of cell voltage and associated Joules heating. Formation of local hot spots may occur at high resistance sites, leading to membrane pin-hole formation and other degradation issues. A sufficient hydration level of membranes is critical to their ionic conductivity. It has also been observed that dryness of membranes may cause cracks and degradation issues. In addition, using experimental data obtained by Zawodzinski et al. [96, 104] , Springer et al. [83] developed an empirical correlation relating proton conductivity to water content in the membrane, see Eq. (7). They also correlated the electro-osmotic drag coefficient with water content. These two empirical correlations put forth by Springer et al. enjoy widespread usage in the PEMFC literature. Recently, Chen and Hickner [105, 106] formulated a new constitutive model for predicting proton conductivity in polymer electrolyte. Their conductivity model depends on the molar volumes of dry membrane and water but otherwise requires no adjustable parameter. Predictions computed from Chen and Hickner's conductivity model yield good agreement with experimental data from the literature and those from their own measurements for a wide range of water contents. Weber and Newman [107, 108] developed a comprehensive membrane model that treats membrane swelling and seamlessly and rigorously accounts for both vapor and liquid-equilibrated transport modes using a single driving force of chemical potential. The transition between the two modes is determined based on the energy needed to swell and connect the waterfilled nano-domains. However, there are still some discrepancies to be overcome such as an underestimation of the interfacial water mass-transport resistance and a lack of consideration of membrane state or history.
Catalyst layers
The catalyst layer (CL) is where the hydrogen oxidation reaction (HOR) or oxygen reduction reaction (ORR) takes place. CL is usually very thin (about 10 lm). Several phases contained in a CL are key to the electrochemical reaction: (1) carbon support with Pt catalyst particles dispersed on the carbon surface, (2) ionomer, and (3) void space. The catalyst plays the critical role of reducing the reaction activation barrier. Hydrogen fuel is oxidized in the anode whereas the ORR takes place in the cathode (see Table 9 ). Platinum or platinum alloy is popular catalyst for both the ORR and HOR, therefore the CL contributes a significant portion of cost for a fuel cell. Pt and several of its alloys (Pt-Co, Pt-Ni, Pt-Fe, Pt-V, Pt-Mn and Pt-Cr) exhibit good catalyst kinetics [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] . The Pt loading is an important factor in the CL development. The DOE target is 0.3 and 0.2 mg/cm 2 for 2010 and 2015, respectively, and most recently the 3 M Company achieves 0.15 mg/cm 2 with PtCoMn alloy [119] .
In addition to Pt-loading reduction, one active research area is to explore new catalyst materials. Two major approaches have gained momentum. The first of which is to replace the Pt with another less expensive precious metal, such as ruthenium or palladium [120, 121] . The second is to use non-precious metal catalysts (NPMC). Bashyam and Zelenay examined the cobalt-polypyrrolecarbon (Co-PPY-C) composite. This catalyst exhibits good activity with a Co loading of 6.0 Â 10 À2 mg cm À2 and stability in PEM fuel cells, and generates 0.2A/cm 2 at 0.50 V and a peak power density of 0.14 W/cm 2 [122] . Some studies are focused on heat-treated Feand Co-N/C catalysts, of which a review is given by Bezerra et al. [123] . A review on materials such as Cu, Pd/Co, Mo 4.2 Ru 1.8 Se 8 , WC + Ta and LaMnO 3+o was provided by Wang [124] . Table 11 shows that early NPMCs exhibit much lower performance than Pt as an electrocatalyst. Most recently, a comprehensive work on NPMCs was presented by Zelenay [125] . They achieved an OCV of 1.04 V and volumetric ORR activity of 165 A/cm 3 (volume based on electrode and over 100 times improvement) with CyanamideFe-C catalyst, which meets the DOE 2010 target. They also showed a rapid improvement (around 30 times improvement from 2008 to 2010) in several other NPMCs such as PANI-Fe/EDA-Co-C. In addition, CO adsorption at the Pt site causes severe loss in performance.
To improve the CO tolerance by PEM fuel cells, the use of binary Pt-Ru catalysts and oxygen bleeding technique were proposed in 1980s and 1990s [126, 127] and various materials for CO tolerant catalysts (Zeolite support, Pt-Mo, Sulfided catalysts, etc) are under research [128] . Improving the Pt utilization is another way for reducing the Pt loading and CL cost. The reactions take place at the triple-phase boundaries; the area of this active catalyst surface is usually large where j is the reaction current or transfer current per unit volume, i 0 the exchange current density, a the specific active area per unit volume, F the faraday constant, R the universal gas constant, and g the surface overpotential. The value of a is usually 100-1000, significantly increasing the catalytic activity, which is related to the structural information of CLs. Though thin, the CL structure is complex, generally consisting of several interconnected networks for proton, electron, and reactant transport, respectively. Mukherjee and Wang [129] and Kim and Pitsch [278] proposed numerical techniques to digitally reconstruct this microstructure (see Fig. 21 ) [129] . Inside CLs, transport takes place in various phases. Despite the small thickness, the reaction rate may vary significantly across the layer arising from transport resistance. A dimensionless parameter ⁄ was identified recently by Wang and Feng to quantify degree of the reaction spatial variation, see Fig. 22 [130] . Wang et al. developed a detailed DNS (direct numerical simulation) study on the transport of oxygen and proton within the catalyst layer based on their reconstructed CL [131] [132] [133] and predicted a spatially varied profile of reaction rate. Wang et al. [131, 132] indicated that the tortuosity of the ionomer in CLs might be over 3.0 and the high reaction current takes place in 15-20% of the CL. This spatial variation likely reduces local catalyst utilization; multi-layer configurations can be developed to modify the reaction distribution and optimize the electrode composite [129, [134] [135] [136] .
Another important issue related to CLs is their durability. The catalyst layer is susceptible to material degradation during operation. A primary degradation mechanism is Pt agglomeration or loss of activation sites. Ferreira et al. showed that platinum particles dissolved in the ionomer and reformed on larger particles, called Ostwald ripening [137] . Borup et al. showed through their XRD analysis that platinum particles may not be sufficiently anchored to the carbon support, and move into the ionomer portion, and during cycling will coalesce onto bigger particles, see Fig. 23 [138] . Some studies indicated that Pt moves from the electrode into the electrolyte membrane, reducing the active catalyst area [139] [140] [141] [142] [143] . Fig. 24 shows SEM micrographs of the aged MEAs, indicating a band of platinum inside the membrane on the cathode side during potential cycling. As the number of cycles is increased, the cathode becomes noticeably thinner from about 17 lm at 0 cycles to 14 lm at 10,000 cycles. Regarding NPMCs, Zelenay [125] recently showed a high durability with PANI-based catalysts upon potential holding at OCV and potential (RDE) and voltage (fuel cell) cycling, up to 30,000 cycles. They also indicated that durability of catalysts may not be simply a function of support corrosion resistance or H 2 O 2 generation, although these two factors still have impacts. In addition, impurities in the reactants, such as NH 3 , H 2 S, CO, NO x and SO 2 , can block catalyst sites, reducing the active catalyst area. Garzon et al. showed that H 2 S concentrations of 10 ppb produced negative effects on cell performance [144] . The effect of ammonia was studied by Uribe et al., who outlined possible mechanisms, and later by Zhang et al. [145] . To avoid the ammonia impact, Uribe et al. suggested passing the H 2 fuel stream through the H + forming ion exchange resin before entering the anode [146] .
Gottesfeld and Pafford recommended bleeding O 2 or air into the fuel stream to get rid of CO and its poisoning [127] . Both experiment and modeling have been conducted on this study Fig. 21 . 2D TEM CL image (a-b) and 3D reconstructed CL microstructure using a stochastic reconstruction method [133, 277] ; (c) distribution of the mass fraction Y in the reconstructed CL (the red and dark-blue colors represent the solid phase and the electrolyte phase, respectively) [278] ; and (b) gas phase structure of the CL [279] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) [147] [148] [149] . Franco et al. examined the long-term effect of CO poisoning under current cycled operations and Wan et al. suggested dual catalyst layers, in which the outer layer acts as a CO filter [150, 151] . In addition, avoiding CL flooding is of critical importance for optimal PEMFC performance and durability; however it is not well understood. The ability to model transport and electrochemical reactions in CLs is crucial, particularly for the cathode in which the ORR is sluggish and inefficient and water is generated. The water content of the cathode CL directly affects the protonic conductivity in this domain and thus the reaction-rate distribution. There is a great need to elucidate mechanisms of liquid-water transport/evaporation in the CL and the interactions with the CL microstructure and wettability and to develop a predictive tool to enable microstructural and surface prototyping of future generations of CL. Some CL component models have been developed by Siegel [152] and Siegel at al. [153] , Harvey [154] , Harvey et al. [155] , Marr and Li [156] , Schwarz and Djilali [157] , and Shah et al. [158] , but they need to be improved and integrated into the full PEMFC model. Specially, Harvey et al. [155] compared three different approaches for describing the cathode catalyst layer: namely, a thin-film model, discrete-catalyst volume model, and agglomerate model. They indicated that for a given electrode overpotential, the thin-film model significantly over-predicts the current density and exaggerates the variation in current density both along and across the channel, and the agglomerate model predicts noticeable mass transport losses. In addition, the CL is usually thin, but may be subjected to mass transport limitation [131, 132] or a considerable ohmic loss [130] . In this regard, further reducing the CL thickness is necessary to improve its performance. A CL model that properly captures the key transport phenomena and the HOR or ORR reaction at the three-phase interface can be employed to optimize the CL thickness. Specifically, such a model can elucidate the effect of catalyst-layer thinning on PEMFC performance. Furthermore, thinner CLs (in the scale of 1 lm) can reduce the catalyst loading and hence the CL cost. Research efforts are definitely needed in this area.
Gas diffusion layers and micro-porous layers
Gas diffusion layers (GDLs) and micro-porous layer (MPLs), together called DM (diffusion media), play multiple roles: (1) electronic connection between the bipolar plate with channel-land structure and the electrode, (2) passage for reactant transport and heat/water removal, (3) mechanical support to the membrane electrode assembly (MEA), and (4) protection of the catalyst layer from corrosion or erosion caused by flows or other factors [159, 160] . Physical processes in GDLs, in addition to diffusive transport, include bypass flow induced by in-plane pressure difference between neighboring channels [161, 162] , through-plane flow induced by mass source/sink due to electrochemical reactions [163, 164] , heat transfer [165, 166] like the heat pipe effect [167] , two-phase flow [167] [168] [169] [170] , and electron transport [102, 171] .
Transport inside GDLs, closely related to the GDL structural feature, plays an important role in fuel cell energy conversion. GDLs are usually 100-300 lm thick. A popular GDL material is the carbon fiber based porous media: the fibers are either woven together to form a cloth, or bonded together by resins to form a paper, see Fig. 25 . Ralph et al. [172] showed that the carbon cloth exhibits a better performance than the paper at high current (>0.5 A cm À2 ) with internal humidification. Wang et al. [173] characterized the structural features of the carbon cloth and paper and provided an explanation for the distinct performance observed, see Fig. 26 . Several stochastic models have been developed to reconstruct the GDL micro structure. Wang et al. further presented detailed DNS to disclose the transport phenomena of mass, reactant, electron, and heat occurring inside the GDL, see Figs. 27 and 28 [174] . Wang and co-workers [175] [176] [177] applied the LBM (Lattice Boldtzman method) to study the meso-scale transport of liquid water, based on detailed GDL structure either from stochastic modeling or experimental imaging (e.g. X-ray micro-CT). The LBM is a powerful technique for simulating transport and fluid flows involving interfacial dynamics and complex geometries. It is based on first principles and considers flows to be composed of a collection of pseudo-particles residing on the nodes of an underlying lattice structure. The LBM formula is different from the conventional Navier-Stokes equation, which is based on macroscopic continuum description. Comparing with VOF (volume of fluid) methods, the LBM is advantageous in simulating multi-phase flows because of its inherent ability to incorporate particle interactions to yield phase segregation and thus, eliminate explicit interface tracking. An example of prediction using the LBM is shown in Fig. 28 . Using 3D tomography image, Becker et al. [178, 179] applied a simplified model to determine permeability, diffusivity, and thermal conductivity as a function of liquid saturation. Multi-phase flow, originated from the water production by the ORR, is critical to fuel cell water management. The excessive presence of liquid water hinders the reactant delivery to the catalyst sites, increasing the concentration polarization. This is generally referred to ''flooding" phenomenon, which can raise concerns of durability and performance reduction due to reactant starvation. The GDL materials are usually rendered hydrophobic to facilitate liquid water drainage. Polytetrafluoroethylene (PTFE, a.k.a. DuPont's Teflon™) is frequently adopted to modify the GDL wettability. Benzinger et al. [180] presented a study on the PTFE loading in various DM materials and their impacts on water transport. Sinha and Wang [181] used a pore-network model of GDLs, and found that liquid water preferentially flows through the connected hydrophilic pore network of a GDL with mixed wettability, see Fig. 28 . Pore-network models have also been employed by Gostick et al. [182] . A number of macroscopic models on two-phase flow have been developed to capture the two-phase characteristics in GDLs [68, [183] [184] [185] . They mostly treat the GDL as a uniform hydrophilic or hydrophobic medium. The capillary pressure is usually expressed as a function of saturation via the Leverett function in the literature, and the capillary-pressure gradient is expressed as a function of the saturation gradient. But it should be pointed out that the Leverett function was originally developed to describe liquid-water transport in soils; as such, it is not directly applicable to liquid-water transport in the GDLs of a PEM fuel cell due to their unique pore characteristics.
To improve the multi-phase, particularly liquid, flow characteristics, the MPL can be added and placed between the GDL and CL. This layer is composed of carbon black powder with fine pore structure. Studies have showed that adding MPLs exhibit a better water drainage characteristics and fuel-cell performance. Gostick et al. indicated that the saturation in the GDL for water breakthrough is drastically reduced from ca. 25% to ca. 5% in the presence of MPL [186] . Pasaogullari et al., Weber and Newman, Wang and Chen proposed that the MPL acts as a valve that drives water away from electrodes to reduce the electrode flooding [187] [188] [189] . At the MPL-GDL interface under certain conditions, the following relation was employed by Passagullari et al. [188] and Wang et al. [189] :
The above adopts the Leverett relation. Generally, the MPL porosity and mean pore-size are much smaller than that of the GDL. In their experimental efforts, Mukundan et al. and co-workers at LANL employed the neutron radiography to investigate the impacts of PTFE loadings on the water content within both GDLs and MPLs, and indicate that lower PTFE loadings in MPLs may show better performance and lower transport resistance [190] . Hickner et al. also applied neutron imaging to quantify the liquid water content within MPLs and GDLs [191] . Neutron imaging on liquid water in PEMFCs was also performed by Kramer et al. [192] who presented detection of liquid accumulation in flow field and GDL under various operating conditions. Lehmann et al. [193] further outlined the applications of neutron imaging to fuel cell and other research fields. It should be pointed out that Eq. (8) is valid only when the properties of GDL and MPL are similar and it may need to be modified when the properties of GDL and MPL are significantly different [194] . Indeed, what conditions should be specified at the GDL/MPL interface is still under active research. Though fundamental models have been developed to understand the liquid flow inside DMs, the newly experimental data from high-resolution neutron imaging indicate a big discrepancy with a model prediction [195] . In reality, the GDL is highly Fig. 24 . SEM micrographs of aged MEAs in potential cycling from 0.1 to 1.2 V. Cathode shown on the bottom in each image [105] . Fig. 25 . The carbon paper DM (above) [174] ; and two consecutive environmental scanning electron micrographs (ESEM) of a diffusion medium exposed to watervapor saturated atmosphere (below) [170] .
non-uniform in terms of its hydrophilic and hydrophobic properties; in other words, some areas in the GDL where carbon is present are highly hydrophilic whereas other areas where Teflon is present are highly hydrophobic, which is not accounted for in the current macroscopic approach. Further studies are needed in characterizing the pore-size distribution as well as hydrophilicity and hydrophobicity distributions and using this information to develop pore-level models. This type of work can aid in enabling the realistic and accurate simulation of liquid water and gas transport through the GDLs with highly non-uniform pore-sizes and wettability and complete understanding how GDL properties influence fuel-cell performance.
In addition, the macroscopic two-phase flow approach has been widely employed (see, e.g., Wang et al. [196] , Natarajan and Nguyen [197] , Mazumder and Cole [198] , Pasaogullari and Wang [169] ) to model liquid-water transport through the GDL and MPL. In this approach, capillary pressure is usually expressed as a function of saturation via the Leverett function [199] . However, as mentioned previously, adoption of the Leverett function likely raises inaccuracy because it was formulated originally for water transport in soils, therefore a new correlation is required to build the relationship between the capillary pressure and saturation for fuel cell GDLs. Two types of the information are highly needed: One is experimentally measured capillary pressure as a function of saturation as demonstrated by Ohn et al. [200] , Nguyen et al. [201] , Fairweather et al. [202] , and Sole and Ellis [203] (this will address the concern that the Leverett function was originally developed for describing gas and liquid transport in soils and rocks, which have vastly different pore-size distribution and shape as compared with those in carbon paper or cloth GDLs). Another is the local capillary pressure as a function of pore radius and contact angle, which can be used to account for non-uniform hydrophilic and hydrophobic properties.
In addition, GDLs may be subjected to degradation after longterm operations, such as wettability change due to PTFE loss and fiber breakage arising from freeze/thaw cycling. The surface properties were evaluated by Wood et al. [204] who presented singlefiber contact-angle and surface-energy data of a wide spectrum of GDL types to delineate the effects of hydrophobic postprocessing treatments [204] . Wood and Borup further presented the cathode CL and GDL mass-transport overpotentials and analyzed the changes in a durability test [205] . They found little increase in the GDL mass-transport overpotential during the first period of about 500 h, but a substantial increase during the second period of approximately 500 h. Though Mukherjee et al. [206] presented a numerical study on the impact of GDL durability on fuel-cell performance, modeling degradation mechanisms is still lacking and remains a challenge at present, and thus requires further studies.
Gas flow channels, cooling channel, and bipolar plates
Gas flow channels (GFCs) are important components of PEM fuel cell and they supply and distribute hydrogen fuel and oxygen reactant for reactions and remove byproduct water. They are located within the bipolar plates with a typical cross-section dimension of around 1 mm. Insufficient supply of reactants will lead to hydrogen/oxygen starvation, reducing cell performance and durability. Bipolar plates (BP) provide mechanical support over DMs and conductive passages for both heat and electron transport. Fabrication of BPs, together with GFCs, may contribute an important portion of a fuel cell cost [1] . BP degradation, such as the metal plate corrosion and graphite crack, may happen and reduce fuel cell lifetime. Cooling channels can be machined within the bipolar plates, and is essential for the waste heat removal for large-scale fuel cell. Local hot spot formation can degrade the membrane and cause pin-hole or crack formation. Comprehensive reviews on flow fields and bipolar plates were provided by Wilkinson and Vanderleeden, EG&G Technical Service, and Li and Sabir [207] [208] [209] .
In GFCs, partially or fully humidified hydrogen and air are injected into anode and cathode, respectively. Several types of flow fields have been developed, they are parallel, serpentine, pin-type, interdigitated, and porous media designs [71, 209] . A zigzag flow field with different aspect ratio has also been proposed and studied [210] . Jeon et al. [211] investigated single channel, double channel, cyclic-single channel, and symmetric-single channel patterns, and found that fuel-cell performance varies in different configurations. Karvonen et al. [212] numerically investigated parallel channel flows and developed a strategy for a small variation ($2%) of flow velocity among channels. Perng et al. [213] indicated that a rectangular cylinder installed transversely in the flow channel can enhance fuel-cell performance. Perng and Wu [214] showed that baffle blockage in tapered channels provides a better convection and a higher fuel flow velocity and enhances cell performance. Several studies also investigated the cross-section dimension of GFCs. Inoue et al. [215] examined channel height and found that shallow channels may enhance oxygen transport to electrodes. Wang [216] analyzed the channel in-plane dimension by examining heat and electron transport characteristics. Wang et al. [217] investigated the channel aspect ratio for serpentine flow field.
Convection is the dominant force for species transport in a GFC, and the flow has been customarily treated using the single-phase approach: either considering the vapor phase as superly saturated or treating it as mist flow -neither of these two approaches describe reality of flow in GFCs. The streams frequently fall in the two-phase regime due to water addition from the ORR. Liquid may block channels, hampering reactant supply and unstable fuel cell operation [216, [218] [219] [220] [221] . flooding results in a performance loss ($120 mV) that completely negates any potential improvement from catalyst development: for instance, a 4-fold increase in catalytic activity yields only $45 mV gain in cell voltage [71] . Moreover, the voltage fluctuation induced by channel flooding may set up a voltage cycling at high potentials, which could result in serious durability issues. Due to the important role of liquid water in the channel flow, the wettability of the GFC wall, i.e. the hydrophilicity or hydrophobicity, may have great impacts on the channel two-phase flow: hydrophilic GFC walls seem to be favored by practitioners since they facilitate the formation of a thin liquid-water film and provide a steady flow of air (and thus O 2 ) to reaction sites, whereas the hydrophobic GFC walls can result in unsteady PEMFC operation.
Modeling the channel two-phase flow in fuel cell is numerically very challenging. Wang et al. envisaged the mini-channels as structured and ordered porous media [71] . A two-phase channel flooding model was developed based on the two-phase mixture description. Three fundamental issues critical to the channel design are explained, they are water buildup, channel heterogeneity, and flow maldistribution. Basu et al. [222, 223] also developed a two-phase model to study the flow maldistribution in fuel cell channels. Wang further proposed a concept of porous-media channels, see Fig. 30 , and examined the characteristics of reactant flows, heat transfer, species transport, and two-phase transport [216] . Liquid profile along the channel was analytically obtained using a two-fluid flow model. Several studies were conducted to investigate the liquid transport using the volume of fluid (VOF) [224] [225] [226] and LB (Lattice Boltzmann) methods [227] . Most of them focused on the dynamics of liquid droplets, which will be detailed in the next sub-section. However, modeling two-phase behavior in channels that can be incorporated to a full fuel cell model still remains as a challenge due to lack of efficient numerical methods to track the two-phase interface and capture multi-component transport. Further study is required to characterize the two-phase flow in the full regime of fuel cell operation such as slug and slug-annulus transition. Also models fully couples the channel two-phase flow, transport in the porous DM, and the electrochemical reaction kinetics in the MEA are highly needed.
The bipolar plates (BPs) contribute a primary portion of fuel cell weight. The DOE target on the BP weight is <0.4 kg/kW by 2015 and Adrianowycz showed their development status in 2009 is 0.57 kg/kW [228] . A popular BP material is the non-porous graphite, which is chemically stable and highly conductive to electrons and heat. There are several disadvantages such as its brittleness and costly manufacturing associated with using graphite. The DOE cost targets are set at $5/kW for 2010 and $3/kW for 2015 for BPs. Other materials under development include metals such as aluminum, iron [229] , stainless steel [230] [231] [232] , titanium, nickel [233] ), polymer composites [234, 235] , silicon (for DMFC micro-fuel cells, see Ref [236] ), and carbon-based materials [49] . Metallic alloys can be ideal materials for BPs because they are amenable to low-cost/high-volume manufacturing, offer high thermal and electrical conductivities, and can be made readily in thin sheet or foil form (<1 mm thick) for high fuel cell power densities. Stamp/molding methods are promising to significantly reduce cost comparing with the machined graphite bipolar plates [237] . However, metals may be subject to corrosion in PEMFC operation environments. One method to improve the corrosion resistance of metallic BPs is through coatings. However, there might be issues such as pinhole defects, which result in local corrosion and metallic ion contamination of the membrane and must be resolved. Brady et al. [238] investigated preferential thermal nitridation to form pinhole free Cr-nitrides protecting layer for BPs. They also considered Fe-Cr base alloys in a later study [239] . Cooling channels must be added to keep fuel cells at their optimal temperature when a large amount of waste heat is generated. Cooling channel designs have been received relatively small attention in past comparing with other components. Wang and Wang shows the cooling channel design and control can be optimized for better water/thermal management [240] . Yu et al. and Inoue et al. also presented a study on cooling channels or units for PEM fuel cell [241, 242] .
GDL/GFC interface
At the cathode GDL/GFC interface, oxygen transports towards the electrode where it reacts with protons and electrons to produce water, which eventually enters the channel. The interfacial resistance for reactant transport will be significantly increased due to the presence of liquid water. Optical visualizations, see Fig. 31 , showed that liquid water exists as droplets on the GDL surface, taken away by the gas flow [216, 218, 219, 221, 243, 244] or attach to the channel wall [216] . The behavior of liquid water droplets at the GDL/GFC interface consists of three sub-processes: (1) transport from the catalyst layer to the GDL/GFC interface via capillary action; (2) removal at the GDL/GFC interface via detachment or evaporation; and (3) transport through the GFC in form of films, droplets and/or vapor. The growth and detachment of water droplets are influenced by two factors: the operating conditions of the fuel cell and the physical (e.g., surface roughness) and chemical (e.g., wettability) material characteristics of the GDL surface (e.g. in terms of the hydrophilic/hydrophobic properties). Chen et al. [245] pioneered the analysis of droplet instability and detachment and they indicated that the static contact angle (h s ) and contact angle hysteresis (the difference between advancing and receding contact angles, i.e., h A -h R ), are both important parameters in determining the force required to move a droplet across a surface. Instability diagrams were developed to explore the operating conditions under which droplets become unstable (an example of such instability diagram is shown in Fig. 32 ). Unstable conditions are desirable to operate the fuel cell under such conditions that droplets can be removed instantaneously from the GDL/GFC interface so as to prevent blockage of pathways for oxygen transport to the three-phase reaction sites. In addition, the VOF-based modeling has also been conducted to investigate the droplet dynamics at the interface [225, [246] [247] [248] [249] . The droplets on the GDL surface increases reactant transport resistance into the GDL as well as liquid flow inside. Meng and Wang and Wang et al. used liquid coverage to account for the droplet presence in their study [173, 250] . Further work of interests includes development of 3D fundamental models to predict droplet behaviors at the interface, particularly the impact of GDL surface properties on droplet dynamics. Given the droplets appear randomly at the GDL surface, statistical methods might be adopted to evaluate the portion of area covered by liquid. Also the GFC-GDL interface bridges the transport in channels and GDL, therefore a fundamental understanding of this connection and a mathematical model that can describe the connection will be highly needed. A simplified explicit mode was developed by Chen [251] for analyzing water-droplet detachment in the inertia-dominating regime. Chen also carried out 3-D numerical simulation of droplet detachment in the inertia-dominating regime using the VOF method. A realistic water-flux boundary condition at the GDL/GFC interface was also discussed. Further detailed study on more realistic droplet emerging/detachment in a real fuel cell channel, a wide range of regimes, as well as its coupling with the transport and electrochemical reaction is highly needed. Fig. 31 . Specially-designed, transparent, fuel cell direct-visualization apparatus [105] . 
Stack
A single fuel cell is only able to produce a certain voltage and current. In order to obtain a higher voltage and current or power, fuel cells are connected in either series or parallel, called stacks, see Fig. 33 . At the stack level, water and heat management becomes more complex due to the interactions of constituent sub-cells. Individual cells communicate in many ways in a stack. One is the electrical connection, i.e. the electrical current flows through all the individual cells in a series stack, therefore a local high electronic resistance will significantly affect the stack performance. Another one is through flow field. In practice, several fuel cells share one inlet/outlet manifold in a stack. Therefore, a fuel cell with high flow resistance receives fewer amounts of the reactants, causing local reactant starvation (which further leads to cell performance decay and material degradation). A third one is heat transfer connection. A fuel cell exhibiting a larger thermal resistance or exposing to insufficient cooling will subject to a higher temperature and disposes its extra waste heat to neighboring fuel cells. Such local hot fuel cell may reduce cell performance and raise concerns of material degradation. Detailed fundamental study at the stack level becomes challenging. Most studies only considered a simplified stack model, e.g. Promislow and Wetton [252] developed a model of steady-state thermal transfer in stacks. The model is appropriate for straight coolant channel unit cell designs and considers quantities averaged over the cross-channel direction, ignoring the impact of the gas and coolant channel geometries. Kim et al. [253] developed an electrical interaction model for stacks and validated it using two types of anomalies. The unit cells are described by simple, steady-state, 1 + 1-dimensional models appropriate for straight reactant gas channel designs. Berg et al. [254] also presented a similar stack approach with the unit cells described by one dimensional models appropriate for straight reactant gas channel designs. Karimi et al. used a flow network to determine the pressure and flow distributions [255] . The results were incorporated into the individual cell model developed by Baschuk and Li [256] . Chang et al. used a flow distribution model to examine the sensitivity of stack performance to operating conditions (inlet velocity and pressure) and design parameters (manifold, flow configuration and friction factor) [257] . Park and Li presented a flow model and concluded that flow uniformity can be enhanced by a large manifold [258] . Chang et al. [257] developed a stack model incorporating flow distribution effects and a reduced-dimension unit cell model. The mass and momentum conservation are applied throughout the stack. Flow splitting and recombination are considered at each tee junction, while along the unit cell channels, reactant consumption and byproduct production are accounted for. Yu et al. proposed a water and thermal management model of a Ballard fuel cell stack which takes a set of gas input conditions and stack parameters such as channel geometry, heat transfer coefficients, and operating current [259] . The model can be used to optimize the stack thermal and water management. Chen et al. numerically investigated the flow distribution in a stack, and concluded that the channel resistance, manifold dimension and gas feed rate may affect flow distributions [260] . Chang et al. [261] proposed separation of the complex model into computationally manage-able pieces. The computational method is backed by some simplified analysis and a convergence study.
At the stack level, the following issues are also considered as important areas requiring further study: they are optimization of stack system (e.g. stack design and reactant manifold); fuel processing subsystem (fuel management, reformer, steam generator, shift reactor, etc); power and electric subsystem; thermal management subsystem (cooling, heat exchanger); and ancillary subsystem (air supply, water treatment, safety, monitoring, ventilation fans, misc). Modeling and simulation of PEM fuel cell stacks provide a powerful tool for stack design and optimization. Comprehensive models that fully couple the reactant flow in the GFC and manifolds and the transport within fuel cell in conjunction with electrochemical reaction are highly needed. One critical part is the two-phase flow in the complex flow field of stacks, which is essential to capture the flow maldistribution phenomena. In addition, computational studies based on a comprehensive model are still computationally too expensive at current so efficient numerical schemes are in need.
Summary and concluding remarks
The latest status of PEM fuel cell technology and its applications has been reviewed, and the needs on fundamental research have been discussed. PEM fuel cells have the potentials to reach $60% in electrical energy conversion or overall 80% in co-generation of electrical and thermal energies with >90% reduction in major pollutants. The following three major PEMFC applications were discussed, i.e. automobile, portable, and stationary applications. To date, approximately 75,000 fuel cells have been shipped worldwide and during the last year (2009) alone about 24,000 fuel cells were shipped. In the US, currently there are over 200 fuel-cell vehicles and 20 buses that are being deployed.
Two primary barriers to the world-wide commercialization of PEM fuel cell technology were explained: durability and cost. Significant progresses have been made in the past years, and the current status of PEMFC technology in these two aspects can be summarized as follows: To further overcome the barriers to the wide deployment of fuel cells, fundamental breakthroughs are needed. This review briefly discusses the role and summarizes the needs on fundamental research as well as the associated challenges. Aspects of materials development, acquisition of fundamental knowledge, and development of analytical models and experimental tools are required. Improvement on catalyst, MEA components, and bipolar plates are particularly important for overcoming the two major commercialization barriers (i.e., durability and cost).
Specially, for membrane and catalyst layer (which consist of the MEA), both require significant further research in order to identify and develop alternative cost-effective materials. Correlations of membrane properties to performance for general polymer electrolyte materials are much in need. MEAs with better degradation resistance and low Pt loading are critical to achieving the DOE cost and lifetime targets. For GDLs and MPLs, fundamental understanding of liquid-water behaviors in these components is required, in particular on the effects of the micro structure of the media and the proper combination of hydrophobicity and hydrophilicity. For bipolar plates and GFCs, advanced fabrication methods are needed to reduce the cost of the plates and improve their corrosion resistance. Lastly, fundamental knowledge of liquid droplet removal at the GDL/GFC interfaces and two-phase flow in micro-/mini-channels is challenging to obtain, but such knowledge is in great urgent need in order to develop optimized GDL materials and GFC designs that can ensure efficient water removal and reactant supply and avoid flow maldistribution and thus maintain high fuel-cell performance.
